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Design of Ultra Low Voltage (0.7V) Variable-Gain
LNA and Mixer for Bluetooth Application

Student: Po-Da Chen Advisor: Dr. Christina F. Jou

Institute of Communication Engineering

National Chiao Tung University

Abstract

This thesis contents two works. First, we design a 0.7V fully integrated CMOS
LNA. We choose the PMOS type folded cascode configuration for such low voltage
application and to reduce the chip size at the same time. Because the operating
voltage is very low, the voltage swing for the transistors is quite small. Thus, we add a
source follower before the output port to increase the linearity. The circuit is designed
for on-wafer testing, and the measurement results are not as expected. The forward
gain is 2.2dB, the noise figure is 6.2dB and the power consumption is 7.27mw. The
major reason is due to the frequency shifting of the S;; parameter, which will be
discussed in the thesis. The second work is the design of a 0.7V fully differential
double-balanced mixer. The IF of the mixer is chosen as 2MHz that is close to the
corner of the flicker noise. Therefore, the use of the PMOS type folded cascode
configuration can reduce the noise contribution of the switching stage that improves
the performance of the mixer. Another advantage is the circuit of the transconductance
stage and switching stage is independent that we can achieve better circuit

performance. In this circuit, we do a modification on the LC tank. We design a



dependent LC tank instead of two independent LC tanks. This modification could
make the inductor smaller than before. The circuit is designed for on-board testing
and the difference between measurement and simulation results will be discussed. The

two IC have been fabricated by the TSMC 0.18um CMOQOS process technology.
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Chapter 1 Introduction

Chapter 1
Introduction

1.1 Background and Motivation

The Bluetooth standard defines short-range wireless connection between mobile
phone, mobile PCs and other portable devices. The radio band used by Bluetooth is
the Industrial, Scientific and Medical (ISM) band ranging from 2.4GHz to 2.483GHz.
It specifies a 2.4 GHz frequency-hopped spread-spectrum system that enables the
users to easily connect to a wide range of computing and telecommunication devices
without the need for wires or cabling of any kind. The modulation scheme employed

is Gaussian frequency shift keying (GFSK) with an instantaneous bit rate of 1Mb/s

[1].

In the recent years, the low-power, low-cost and high integration have become
the trend for the communication ICs. Since the base band digital signal processor
(DSP) is typically implemented within a CMOS technology, we should put effort
toward implementing the high-frequency analog front-end components within the
CMOS environment. With great development in CMOS process, modern CMOS
technology has accommodated for applications at high frequency. The threshold
voltage of the modern 0.18umCMOS transistors is down to 0.5V and its cut-off
frequency is higher than 50GHz. Thus, CMOS technology can offer a higher level of
integration that the cost could be cut down and has the ability of operating at

relatively low supply voltages [2].
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Low power is influenced by the chosen architecture. Three different architectures
are commonly used in receiver design: high-IF, low-IF and direct-conversion
architectures [3]. A high-IF receiver improves the demodulator performance, but it
requires off-chip components and complex IF band circuits that cause more power
consumption. Meanwhile, the direct-conversion architecture has the problems such as
dc offset, 1/Q mismatch, self-mixing, power amplifier pull, flicker noise, etc., have
been compromised to achieve acceptable system performance. Thus, the low-IF
architecture is more appropriate for low power design, especially when considering
the relaxed image rejection requirement in the Bluetooth standard [4]. The choice of
the IF is involved in many design tradeoffs. The IF with 1 MHz [5], 2 MHz [6-8], and
3 MHz [9] were implemented. The high IF (3 MHz or above) raises the power
dissipation of the IF blocks. While an IF of 1 MHz is difficult to remove the dc offset
and image signal since they are closer to the desired channel [7]. Therefore, an IF of
two times the channel bandwidth is chosen,i.e., 2 MHz, that the desired signal will

well beyond the flicker noise corner.

Lowering the supply voltage is another effective way of reducing the power
consumption of mobile communication applications. However, the supply voltages of
some RF CMOS receivers have been reported between 0.8V-3V [4-12]. For the next
generation of wireless systems, the RF CMOS receiver will have to operate at a
supply voltage below 1V. As a result, we try to implement a low-I1F Bluetooth receiver
with supply voltage of 0.7V. So this thesis contains two major works, including a fully
integrated low voltage variable-gain LNA and a modified low voltage mixer. All of
them are fabricated using TSMC 0.18um CMOS technology process and can be
easily integrated with other blocks like synthesizer and filters in the future. In the

subsequent sections, we will introduce our circuits and organization of this thesis.
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1.2 Designed Circuits Introduction

In this thesis, we design a low voltage variable-gain LNA and a low voltage
mixer for 2.45 GHz application. Both of them are designed in the PMOS type folded
cascode topology to reduce the supply voltage and chip size. The LNA is one of the
most critical building blocks in the modern integrated RF receiver. The main function
of the LNA is to provide enough gain to overcome the noise of subsequent stages
while maintain low noise. And the function of gain variation is added to prevent the
receiver get saturated. The low voltage variable-gain LNA is shown in Fig.1.1(a). The
mixer dominated the overall dynamic range of the receiver. Thus, the main function of
the mixer is the frequency down (up) conversion and obtains high linearity. The

modified low voltage mixer is.shown in Fig.1.1(b).

Linn Cbn
S tfi
Lbond

Cegn

(@) (b)
Fig.1.1 The schematic of (a) Low voltage variable-gain LNA

(b) Low voltage mixer

All the simulation and measurement results of the two circuits are shown in
Table 1.1 (low voltage variable-gain LNA) and Table 1.2 (low voltage mixer),

respectively. Comparison between this work and recent papers are listed in the table,

3
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too. The difference between simulation and measurement and performance

comparison with other papers would be discussed in detail in section 2.5 and in

section 3.5.

This work

2005.06

Supply
voltage (V)

$21(dB)

S11(dB)

$22(dB)

S12(dB)

NF(dB)

P1dB(dBm)

11P3(dBm)

Power(mw)

Condition

Table 1.1 Comparison of resent LNA papers

4




Chapter 1 Introduction

This work

2005.06

Supply

voltage (V)

IF (MHz)

\oltage

gain (dB)

11P3(dBm)

NF (dB)

Power(mw)

Condition

Table 1.2 Comparison of recent mixer papers

The front-end circuit is simulated by the harmonic balance tools Eldo-RF. These
two IC have been fabricated using TSMC 0.18um CMOS technology process
through Chip Implementation Center (CIC). The on-wafer testing measurement

results and PCB on-board measurement results have been also accomplished at CIC.
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1.3 Thesis Organization

This work discusses about the front-end circuit design and implementation for
Bluetooth applications. The contents consist of two major topics: “0.7V 2.45GHz
Variable-Gain Low-Noise Amplifier” and “0.7V 2.45GHz mixer”, respectively in
Chapter 2 and Chapter 3. We will present the design flow and experimental results.
Moreover, we will discuss the reasons of differences between simulation and

measurement results.

In Chapter 2, we will present the design and implementation of a low voltage
variable-gain LNA. The LNA is the main block determined the noise performance of
the whole receiver front-end circuit. We will discuss the configuration, variable gain

mechanism, input/output matching, noise, and linearity of the LNA in this chapter.

In Chapter 3, we will present the design and implementation of a low voltage
mixer. The mixer is the main block determined the dynamic range of the whole
receiver front-end circuit. We will discuss the configuration, gain, linearity, and noise

of the low voltage mixer in this chapter.

In chapter 4, we will make a conclusion and discuss the future work.

Finally, the appendix presents a concurrent dual-band receiver (LNA plus mixer).
Because the circuit does not tape out, we only show the simulation results. And this

circuit will be implemented by our lab’s juniors.
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Chapter 2
0.7V 2.45GHz Variable-Gain Low-Noise
Amplifier

This chapter presents a 0.7V variable-gain LNA designed and fabricated in
TSMC 0.18 um CMOS process. We will discuss the topology selection, design of
input matching network, analysis of noise figure and linearity, and the variable gain
mechanism in the low voltage LNA. The measurement results show that the LNA
only provide a gain of 2.2dB, noise figure of 6.2dB, and 11P3 of 8dBm at the high gain
mode. The gain and linearity release can achieve to 6.5dB and 7dBm. Then, the
discussion of the difference between simulation and. measurement results and the

comparisons of other low voltage LNA papers will be in the last section.

2.1 Introduction

The low-noise amplifier (LNA) is the first stage in the receiver shown in Fig. 2.1.
Usually, it directly follows the filter inserted between the antenna and the LNA, and
its output drive the mixer (or the image reject filter between the LNA and the mixer).
When the gain of the first stage is larger, the noise of the subsequent stage is reduced
more. As a result, the noise performance is mainly determined by the first stage.
Therefore, the main function of the LNA is to provide enough gain to overcome the
noise of subsequent stages while maintain low noise. Providing a 50 €2 input
impedance to terminate an unknown length of transmission line which delivers signal
from the antenna to the amplifier is another important character. Finally, to prevent

saturation of the receiver when the input signal is too large, the function of variable
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gain is necessary. Thus, as so many considerations should be take into account, the

design of LNA must be very carefully and completely.

antenna Band select Image
T filter LNA mixer reject filter
/ \ | To
baseband
vVCO

Fig.2.1 Block diagram of RF receiver

2.2 LNA Design

At first sight, the LNA might be simple to design due to the relatively few
components used in its implementation. However, LNA design is full of tradeoffs
between optimum gain, low noise figure, input and output matching, linearity and
power consumption. Generally, the LNA offers the highest gain and lowest NF in the
high gain mode for the weak signal. But under strong received signal conditions, the
LNA and the whole receiver may get saturated, thereby the LNA has to operate in the
low gain mode to prevent saturation. Gain reduction in LNA can also reduce the
dynamic range of the Automatic Gain Control (AGC), which is implemented in the IF
after the down-conversion mixer. With the reduced dynamic range of the AGC, the

SNR performance can be improved [13].

Conventional cascode configuration for LNA have many advantages such as
enhance the gain, port to port isolation, stability and reduced Miller effect. But it is

not suitable for low voltage design because two transistors stacked between the supply

8
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rails. In order to be able to operate from a very low voltage supply and retain the
advantages of the conventional cascode configuration, a folded cascode configuration
is used as shown in Fig.2.2. The folding of the common gate stage helps to extend the
cutoff frequency of the common source stage. Since it eliminates one level of
transistor stacking, the supply voltage is only needed to bias a single transistor in the
saturation region. Therefore, the supply voltage of the LNA can be reduced under 1V
for the transistors to be biased in the saturation region. Folded cascode configuration
have two types, PMOS type [12,14-16] and NMOS [17-18]type. It is obvious that
NMOS type needs two LC tank networks, one more than PMOS type. Because the
common gate stage acts as an current buffer and does not provide power gain for LNA,
PMOS can achieve almost the same performance as NMOS. In order to save the die
area, PMOS type is the common choice in recent research. And folded cascode
configuration has another advantage that two transistors can be biased independently.
The first stage can be biased to provide low noise figure and the second stage can be

biased at different dc current to minimize the Miller effect.

1 [
1 é

L

(a) NMOS type (b) PMOS type

Fig.2.2 Two types of the folded cascode configuration
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vd
Ld Cd
Vgl Vg2
?Rgl ?RgZ Vg3 Vd
e EH w3
Lg Cb = N } M2
Cb2 ) Vout
Ls Ldp Cout
Lout

Fig.2.3 Architecture of ultra low voltage variable-gain LNA

The proposed 0.7V LNA is shown in Fig.2.3. In this circuit, the RF signal is
amplified by the NMOS device and the common gate current buffer is implemented

by PMOS device to minimize Miller effect and to improve the response at high

frequency. Then, useC,, to ac couple the RF signal to the last NMOS buffer. In the

low voltage design, we use an LC tank network (L, ,C,), acting as a high

impedance current source to decrease headroom dissipation. The resonant frequency
of this LC tank is designed at the RF frequency of 2.45GHz. At resonant frequency, it
provides a high impedance branch to force the RF signal to flow into the source of M2

and bypass other undesired signal to ground at other frequencies. Notice that the

parasitic capacitance and C_., have to be considered when determining the value

gs2

of C, .

1
)~ (2.1)
" \/ Ly (Cy +Cyey)

10
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Because Cgsz is eliminated or reduced at resonant frequency, it helps to suppress the

noise contribution of the common gate stage at the output. Thus, the noise
performance of the folded cascode configuration can be lower than conventional

cascode configuration.

In order for this operation to be true, it is necessary to have the impedance of the

LC tank at resonance much higher than the input resistance seen at the source of M2.

Fig.2.4 shows the characteristic of the LC tank, where R.and Q are the resistance
and the quality factor of the L. At the resonant frequency, the impedance of the LC

tank attains the peak value of R_(1+Q?) = R.Q?. It can shown that this is satisfied

: 1 . S
by choosing ¢, > ﬁ Since P1 only acts as a common gate unity gain current

S

buffer, it does not need an- f. much higher than the RF frequency. An f. of

approximately twice of the RF is sufficient to achieve the desired performance and

this requirement can be easily satisfied with modern submicron PMOS devices [14].

Z0=RQ’

Ld

Rs

Absolute value of impedance

fo Frequency

Fig.2.4 Characteristic of LC tank

11
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2.2.1 Input Matching

To design a LNA, the minimum noise figure and maximum power gain are the
most important considerations. In fact, the noise behavior will depend on the LNA
experimental results and appropriate architecture. Several architectures of the LNA for
these design goals had been developed and inductive source degeneration used in the
first stage of LNA is the most prevalent method for CMOS amplifiers [19]. This
architecture applies a source inductor and a gate inductor to generate real impedance
of the input port. This topology also has the possibility of reaching the best noise
performance and is most practical for high frequency applications. A simple analysis
of the input impedance of the source inductive degeneration architecture is shown

blow.

ghllEr 1
Z =R +R +-""=+4+ j/w(L +L)———
in 1 g C J|: (g s) WC:|

gs gs

=R +R, +w; L (at resonance) (2.2)

where R, is the series resistance of the gate inductor L and R, is the gate

resistance of the MOS. For noise purposes, the effective gate resistance is given by

97 3n2L"

gate width of the device, and n is the number of gate fingers used to layout the

where R_ is the sheet resistance of the poly silicon, W is the total

device. By interdigitating the device, Rg can be reduced to insignificant level. For
high Q inductor, R, may be negligible. If so, the real term in the input impedance is

determined by L, and typically is 50€2. At the central frequency, the imaginary

12
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termof Z,, will be zero, which gives

1
w(lL, +L)-——=0 2.3
(L +L)-— 23

gs

From the above equation, we can solve Lg :

2.2.2 Noise Figure and MOS Width Selection

In CMOS process, drain current noise and gate noise are main noise sources in

LNA design. The noise figure is related to SNR (signal to noise ratio) as

NF = SNR,, Tatol noise power at output
- Noise power at output due to source only

SNR

out

N add

=1+ (2.4)

If we, only consider the drain current noise of the M1 and P1, the noise figure of the

LNA can be presented as [20]

2 2 2
NF ~1+ 7,0,0.R. (ﬂJ 14| oGt (7 plg‘“’pl][u s sz (2.5)
Wy Omp1 VmYdon1 R,

where C, represents the overall capacitance at M1 drain, including the parasitic

capacitance at M1 drain and the gate to source capacitance of P1,g, is the
drain-source conductance at zero Vps, the parameter » has a value of unity at zero

Vps and, in long device, decreases toward a value of 2/3 in saturation. And the noise
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contribution of the P1 is

2 2 2
W, w,C w; L
NFo ~ 701900mRs [—] = [1+ T—J (26)
WT gmpl Rs
It indicates that the noise contribution of P1 decrease with C, , which can be decreased

by the LC tank and layout skill. In general, C,is in the same order of the gate to

source capacitor, thus

2 2
[—W"CtJ =(%j (2.7)
gmpl WT

and the noise contribution of P1 becomes

2 -] 2
W, WL, | [ w,
NF,; =7 1190 Rs (W_Tj (1+ I;—Sj (W_TJ

2 2
w. L W,
= NF,, [ 1+—= || = 2.8
Ml[ Rs jLWTj ( )

where NF,,,is the noise contribution of M1. In practice, W, < W, , so the noise

contribution of P1 is much less than M1, in other word, M1 dominates the noise
figure of the LNA. Thus, the first stage of LNA should choose appropriate width size

to minimize the noise figure. The optimum M1 size can be calculated by the

3 1 1

W, == ~
2WLC,RQ, . 3WLC,R,

oX" 'S

(2.9)
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which is about 280um if minimum channel length of 0.18umis chosen. And the width
of the PMOS is selected as twice of the M1 because the transconductance of PMOS is

twice smaller than that of NMOS.
2.2.3 Linearity and Variable Gain Mechanism

In the cascade architecture, the later stage plays a more important role than the
former stage. Thus, a buffer stage M2 is added to increase the linearity of LNA. The

transfer function for a short channel MOSFET can be expressed as [20]

(Vg + V(1))
1+6(Veg + V(1))

iy =K (2.10)

where V(t)is the input voltage and @ is the normal field mobility degradation
factor has a typical value in the range of 0.1-1V*. Expanding Eq.(2.10) in Taylor
series and neglecting the DC component and harmonics higher than the third-order,

we get the coefficients of the transfer function as

B = KVes (2 WZGS ) (2.12)
(1+ )
-0K
Py="——3 (2.12)
(1+ V)
The input referred third order intercept point of M2 is
2
p3:,, =414 _ e (2 Vs )1+ Ve ' (2.13)
318, 3| 0 |
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As shown in Eq.(2.13), the input referred third order intercept point of M2 increases
with the gate to source voltage. But increase the gate to source voltage will lead to a
rise in power consumption at the same time. So, M2 is designed quarter of the M1 to
save power consumption and then to provide suitable output matching and increase

the linearity.

The gain control is achieve by adjusting the gate voltage of the PMOS without
affecting the bias condition and input matching which are determined by M1. Hence,
the NF is not affected seriously when controlling the overall gain of the LNA.
Conventional cascode LNA do not have this flexibility in gain control. Gain control
could only be achieved by altering the bias current of M1 and affecting the whole

input noise and input matching that we do not desire.

There are two useful formulas presented in [21]

NF z1+§5 (2.14)

L(RY 1
Poo—| | — = (2.15)
L3

It reveals that NF decrease as L, decreases andL, increases, but the power will

increase as L, decrease. There is a trade-off between noise figure and power

consumption. This is a very valuable design guideline.
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2.3 Layout Consideration

Layout is the heart of the RFICs. The layout affects the performance significantly
for RF circuit due to the parasitic components at high frequencies. We should not only
take all of these parasitic into simulation but minimize these effects as low as possible.
There are several essential common senses should keep in our mind. First, wide metal
connection is avoided because this cause large parasitic capacitance to ground that
may induce AC signal leakage. Second, transistor with a large width is split into
several small transistors that reduce both the S/D junction area and the gate resistance.
Third, due to the lowest parasitic resistance, metal 6 is the best layer for RF signal.
Fourth, the spiral inductors are as far as possible to the other device (at least 50um).
Fifth, the active devices are protected by the guard ring to minimize the noise
coupling from substrate. Finally, to reduce noise coupling from the noisy silicon

substrate, the shield signal PAD shown in Fig.2.5 (b) is used.

Metal 6—

Metal 5<—

Signal PAD
(Metal)
oxide Grounded
Shielding
Metal Plate

— Via -

Metal 4 +<—

Metal 3<—

Metal 2+—

Metal 1<+—

il

Poly -—

Noisy Si-Substrate
—r=Field Oxide

— Si Subtrate

(@) (b)

Fig.2.5 (a) Cross section of 0.18um CMOS technology (b) The shielded signal PAD
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The low voltage LNA is implemented in TSMC 0.18um process. The final
layout is shown in Fig2.6 that all elements are fully integrated on a chip including
RFMOQOS, spiral inductor, metal-insulator-metal (MIM) capacitor and poly-resistance.
Since LNA is designed for on wafer measurement, layout is set in uni-directional
mode. The RF input and output are placed on opposite sides of the layout to avoid the
high frequency signal coupling. And GSG (Ground-Signal-Ground) pad structures are

used in both RF input and output ports. The total chip size is 1.1mm*1.0mm.

o DC Bias

7 NHH -
EAVNE N O
=IN — gﬁ“n S
e | S S
Wi L
- U

Fig.2.6 Layout of the low voltage LNA
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2.4 Measurement Consideration

The LNA is designed for on-wafer testing, so the layout allocation must fit the

requirement of the CIC’s probe station testing rules as shown in Fig.2.7. We use one

6-pin dc probe card and two GSG RF probes on CIC. The measurement arrangement

for our design of the LNA is represented in Fig.2.8. The measurement setup is show in

Fig.2.9, which includes high frequency S-parameters, noise figure, P1dB and two-tone

IIP3 linearity testing. The circuit is designed a frond-end in 50€2 system for the

measurement system. All of the matching devices are on-chip components and then

we can easily integrate the other frond-end circuit such as mixer and synthesizer in

future work. Since we have finished the measurements from CIC, we will discuss and

compare the simulation and measurement results in the next section.

DC GND DC DC GHD DC

];I - -

GND DC DC GND DC

Fig.2.7 CIC probe station layout rule
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6-pins dc probe card

L __{_:‘ v
i [o] O

b 4

'k;_ =g

9gold 959
agoid 959

Fig.2.8 LNA measurement arrangement

Network
Analyzer

. Port1. Port2. &

-
- o

(a) S-parameter
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Noise Noise
sSource Meter

=

DUT (on-wafer)

(b) Noise figure

Signal Spectimn
Generator Analvzer
DUT (on-wafer)
(c) P1dB
Sigmal
Generator power combiner

:D_ - Spectiun
s Analyzer

Sigmal DUT (o n-wafer)
Generator

(d) 11P3

Fig.2.9 Measurement setups for LNA
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2.5 Simulation and Measurement Results Comparison

Fig.2.10 shows the simulation, measurement and modified simulation results

of S21 and S11

S21 S21

20 20

—4A—— Simulation
— - —  Measurement
—@— Modified

—A— Simulation
—=— Measurement
—&— Modified

10 A

10 4

8 3
-10 4 -10 1
-20 4 -20 1
-30 T T T T T T -30 T . T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Frequency (GHz) Frequency (GHz)
S11 S11
04 0
24
54
44
-6 4 -10 A
84
3 @ 15 -
210 4
212 4 -20 1
-14 4 -25 1
-16 " :
—A— Simulation 30 4 —A— Simulation
-18 - —=— Measurement B —&— Measurement
—@— Modified —@— Modified
-20 T T T T T -35 T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5
Frequency (GHz) Frequency (GHz)
(a) High gain mode (b) Low gain mode

Fig.2.10 Comparison between simulation and measurement of S21 and S11

We find that the S21 is appeared closely at the center frequency, but S11 is

shifted down to the 1.7GHz. The simulation and measurement results are not meeting
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the same way. Thus, we modify circuit parameters to fit the measurement results. By
the Eq.(2.3), the larger inductor and gate to source capacitor the lower resonant
frequency. Thus, a larger inductor and capacitor on the input matching network make
the optimum matching peak of S11 shift down to the low frequency. We try to
increase the inductors of M1 to fit the measurement results. Fortunately, the modified
simulation results can achieve closed results as measurement. Therefore, we can prove
the larger inductance appears in the input matching network make the frequency
shifting. This may come from the incorrect model of the on chip inductor and the
large parasitic inductor from the long RF line in the input matching network.
Although through the layout parasitic extraction (LPE), we still can not accurately
predict the parasitic effects in the high frequency region. The larger parasitic inductor
and capacitor can be avoided by advanced layout skill that is a worthy goal for
designer to learn. Because of the resonant frequency of the LC tank is closed to
2.45GHz, the S21 parameter closely falls on desired band. And there are three

possible reasons make the value be -15dB lower than simulation. First and the major

reason is the frequency shifting of S11. Second, the inductance of Ly andL,, is

smaller than we expected. Third, the Q value of the LC tank is not good enough with

the LNA layout design, that making the RF signal loss to ground.

Fig.2.11 shows the simulation, measurement and modified simulation results
of S22 and S12. The peak of the output matching S22 is shifted down to 2GHz and is
-10dB at 2.45GHz. By the modified simulation, we can find the smaller inductor and
capacitor on the output matching network make a -10dB reduction. Although -10dB is
achieved, it is enough for applications. From above discussion, the correct model for
the on chip inductor is the most important in the LNA design. The S12 is as good as

simulation results that prove the folded cascode configuration can provide good
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isolation as the conventional cascode configuration.
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(a) High gain mode
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0 1 2 3 4 5

Frequency (GHz)

(b) Low gain mode

Fig.2.11 Comparison between simulation and measurement of S22 and S12

The noise figure is measured from 100MHz to 3GHz as shown in Fig.2.12.

The noise performance is not good, rising to 6.22dB at high gain mode. The major

reason is the gain of the LNA is only 2.21dB that can not suppress the noise

contribution. And the measurement result is a little higher than modified simulation

results. This is because the transistor model is not accurate enough which only
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consider the thermal noise and gate induced noise is not included. But the peak value
of noise figure is almost appeared at the center frequency. That is because the peak
value of S21 is close to the center frequency. Thus, if we can achieve enough gain, the

noise figure may go down to anticipated value below 2.5dB.

NF NF

—A— Simulation —A— Simulation

—&— Measurement 60 —#— Measurement
—&— Modified —@— Modified

T T T T T T T T T T T T T T
0.0 05 1.0 15 2.0 2.5 3.0 35 0.0 05 1.0 15 2.0 25 3.0 35
Frequency (GHz) Frequency (Hz)

(a) High gain mode (b) Low gain mode

Fig.2.12 Comparison between simulation and measurement of NF

The LNA design can achieve better dynamic range and linearity of P1dB and
I1P3 parameters in measurement than those in simulation. As shown in Fig.2.13, the
modified simulation and the measurement results are almost the same, the IIP3 is
8dBm at the high gain mode and 15dBm at the low gain mode. Of course, that is due
to the lower gain performance cause the high linearity. The difference of linearity
between high and low gain mode is 7dB, being almost the same as simulation. Thus,
the function of the linearity release is work. And the performance of the simulation
and measurement is summarized in the Table 2.1. The total power consumption is

7.27mw at the high gain mode and 5.06mw at the low gain mode.
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Fig.2.13 Comparison between simulation and measurement of P1dB and 11P3

Table 2.2 shows the comparison of this work and recent LNA papers. Because
the difference between simulation and measurement results, both data are showed.
According to the simulation results, power consumption and the noise figure is the
lowest one. The forward gain, input matching, output matching are designed at a
suitable value above 15dB. And the most important performance, noise figure, is
designed to a lowest value. Although linearity is not good enough, it is in the
specification for Bluetooth and 802.11b applications. Because of the linearity of the
receiver is dominated by the later stage as mixer, our goal is to design a LNA with low

noise figure, appropriate forward gain and low power consumption.
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Simulation Measurement

Specification High gain Low gain High gain Low gain
mode mode mode mode

(Vg2=0V) | (Vg2=0.16V) | (Vg2=0V) | (Vg2=0.16V)

Center
frequency(GHz)

2.45 2.45 2.45 2.45

S21 (dB)

S11 (dB)

S22 (dB)

S12 (dB)

NF (dB)

P1dB (dBm)

11P3 (dBm)

Power (mw)

Table 2.1 Measurement and Simulation results Summary
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This work

2005.06

Supply
voltage (V)

S21(dB)

S11(dB)

$22(dB)

S12(dB)

NF(dB)

P1dB(dBm)

11P3(dBm)

Power(mw)

Condition

Table 2.2 Comparison of recent LNA papers
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Chapter 3
0.7V 2.45GHz Mixer

In this chapter, we will present a 0.7V mixer designed and fabricated in TSMC
0.18 um CMOS process. Like the design method applied in low voltage LNA, the
differential PMOS type folded cascode configuration is used. We will analysis the
conversion gain, noise and linearity of the low voltage mixer. The measurement
results show that the mixer provides a voltage gain of 0.91dB, power gain of -9.68dB,
P1dB of 0dBm, and IIP3 of 10dBm with the 2.11mW power consumption. The
discussion of the difference between simulation results and measurement results and

the comparison of other low voltage mixer papers will be in the last section.

3.1 Introduction

An essential element in modern transmitters and receiver is the mixer, being
responsible for frequency up-conversion and down conversion. Modern wireless
communication systems demand stringent dynamic range requirement that is often
dominated by the mixer. Thus, mixer design focuses on balancing the tradeoff
between gain, linearity, matching, port to port isolation, LO power, noise figure and
power consumption. The noise performance of the mixer is not too stern because it is
located after the LNA that will suppress the noise contributed from mixer. Therefore,
a good mixer design is focused on the high linearity. The mixer would handle larger
signal than LNA, and its non-linearity must be lower by at least a factor of the LNA
gain if it is not to become the bottleneck to receiver dynamic range. And, integrated
mixers become more desirable than discrete ones for higher system integration for

cost and space saving.
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Passive and active mixers are two common topologies in recent research. The
name “passive” mixer comes from the characteristic that it does not provide any gain.
Since double balanced active mixer designs are more desirable for today’s integrated
receiver designs due to its low spurious outputs, high common mode noise rejection,
high port to port isolation and the most important, gain. Thus, our low voltage mixer

is basically a double balanced active mixer configuration.

3.2 Mixer Design

Fig.3.1 Gilbert type double balanced mixer architecture

Fig.3.1 shows a most common seen topology for mixer called Gilbert-type
double balanced mixer. It has the virtue of moderate gain, good RF-LO isolation, and

linearity than other topologies. The mixer can roughly be divided into three stages, the
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transconductanc stage, the switching stage and the load stage. Outputs are located
between the switching stage and the load. The transconductance transistors first
amplify the input voltage signal and convert the signal into a current signal. Then the
switching stage performs the frequency translation, and the load converts the current

signal back to voltage signal.

Because the above double balanced mixer has a stack of three transistors and a
load resistor between the voltage rails. It is not suitable while the supply voltage
decreases to 0.7V. Thus, folded cascode configuration is used to reduce the stack of
the transistors. As described in Chapter 2, there are two topologies for folded
cascode, PMOS type [16, 26-27] and NMOS type [17, 28] as shown in Fig.3.2. In
the differential circuits like mixer, NMOS type will need four LC tanks that the chip
area is much larger than PMOS type. And on the low IF receiver, flicker noise of the
switching stage is the most important noise source for the mixer. It is know that
PMOS has less flicker noise than NMOS, and the low voltage mixer is basically a

PMOS type configuration to achieve better noise performance.

\\}7
\\}7

(@) NMOS type (b) PMOS type

Fig.3.2 Two types of the differential folded cascode configuration
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Vd Vd

Cbp Linp Linn  Cbn
rfp <A SHE rfn
Lbond Lbond
Cgp Cgn

Fig.3.3 Architecture of modified very low voltage mixer

Fig.3.3 shows the proposed low voltage mixer. As the typical double balanced
mixer, NMOS M1 and M2 acts as transconductance stage, PMOS P1-P4 act as the
switching stage and using two resistors as load stage. The current tail is not used

because it will cost the voltage headroom and decrease the linearity. The high

impedance LC tank is made by L

4o » Lan @A C;; - unlike using two separated LC tanks

in general design. The resonant frequency is designed at center frequency-2.45GHz.

Here, the bond wires, the parasitic capacitances and theCgS of PMOS must be

considered.

W, = < @)
2(Lygng + L )(Cq +Cep)

It is obviously that the inductors are half of the two separate LC tanks design so we
can save more chip size. The input matching network is made by L; (L),
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Cip (Con)s Cyp (Cy), Cyep (Cyey Jand the bond wires on RF input and on the source

gsp \ ~gsn
of M1 (M2). Using the Eq.(2.2) and assuming each bond wire be 3nH, we design the
(R

input matching network. Here, the resistor load R ) is used instead of the

ifp ifn

active load to decrease the flicker noise contributed from load stage. Since the load is
resistive, the need of a common-mode feedback (CMFB) circuit is avoided. In order
to realize an on-chip band pass filter (BPF), the IF frequency should be lower, <3MHz,
because a low-Q BPF is easy to design and the current consumption must be reduced.

Thus, an IF of 2MHz is chosen

3.2.1 Conversion Gain

In Fig.3.2, we assume that the mixer under large LO driver and the mixer

commutates the RF transconductance current with a square wave. Suppose a unit

sinusoidal input voltage of frequency W, is linearity converted to a current, and
commutated by the switches at W, 5, which amounts to multiplying the sinusoidal
current by a square wave, SqQ(W,.t), alternating between +1 and -1. Then the

differential currentof Ry and Ry, is[30]

i it = O g Ve SIN(Weet) X SQ(W o)
: 4.( . 1.
=0 reVae SIN(Wget) X (—)(SII’](WLOt) + gsm(wLot) +-- j
VA

2
:(;)gm,RFVRF COS(WRF _WLO)t (3.2)
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where the square wave is expanded as a Fourier series, and the term containing the

downconverted frequency at Wg- —W,, is retained. Eq.(3.2) shows a current

. T . . -
conversion loss of at least E through the mixer. The overall mixer voltage gain is

(3.3)

Gain = i I rF Rifp
T

If we consider the switching time of switching stage P1-P4, we can re-express Eq.(3.3)

as

\/E(VGS _Vt )SW

NV o

Gain zigmyRF Rip | 1 - (3.4)
T

where (Vgs -V, )SW denotes the overdrive voltage of switching stage [31]. From

Eq.(3.4) we can understand that the conversion gain is proportional to the input device
transconductance, the IF load, the overdrive voltage of switching stage and the

amplitude of the input LO signal. If ‘we increase conversion gain by increasing

Onre and Vo, the power consumption of the mixer and the VCO will rise

simultaneously. Therefore the conversion gain forms a tradeoff with the circuit power
consumption. In general, voltage and power conversion gain are not equal. The

contrast between these two gains can be seen by expressing as
2
A=A — (3.5)

It indicates that the voltage and power conversion gain is equal only in the case where

the differential load resistance is equal to the source resistance.
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3.2.2 Noise

In the low IF receiver, flicker noise is the most important noise source of mixer.
And the double balanced mixer is composed of transconductance stage, switching
stage, and load stage. Noise is present in all the transistors making up these functions.
First, the flicker noise contributed by the load stage can be reduced. It is know that
the flicker noise only appears in the MOS transistors. Thus, the mixer loaded with
polysilicon resistors instead of MOS transistors which are free of flicker noise from
load stage. Then we discuss the flicker noise in the switching stage and

transconductance stage. In [32], the signal to noise ratio of the switching stage is

SNR,, =220 . Vo

(3.6)
(VGS _Vt )trans Vn

The relationship shows that SNR of switching stage can be improved by rising the

amplitude of LO signal; by increasing the gate area of the switch transistor to lower

the flicker noise V, ; and by lowering the transconductance transistor overdrive

voltage. However, increasing switching transistor gate area is usually degraded the
mixer bandwidth and lowering transconductance transistor overdrive voltage will
reduce the conversion gain. Then, the signal to noise ratio due to the transconductance

stage flicker noise leaking to the output is

\Y

0s

SNRtrans = ZALO % (3.7)

where V is the gate offset voltage due to the mismatch between switching stage.
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As V<V —V,, the switching stage induced much larger noise than the

transconductance stage. Thus, we can reduce the noise by using PMQOS transistor as
switching stage. This is another reason why we choose folded PMOS type instead of
NMOS type. Here, the width of the transconductance stage is chosen a little larger
than that of Eq.(2.9) in order to lower the threshold voltage required to bias the
transistors in the saturation region. The width of the switching stage is chosen
one-third of the transconductance stage and is biased near threshold to minimize their

switching time that reducing in the same time the output noise..
3.2.3 Linearity

Linearity is the most important parameter in mixer design. The constant current
tail and the grounded sources circuits in Fig.3.4 demonstrate differential behavior in

linearity.

HM] MZ% OHM] MZ}—

Vin Vin

(a) (b)

Fig.3.4 Transconductance stage with (a) constant current tail (b) grounded sources
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In Fig.3.4(a)
1 W 21
Lo = 11— I :Eluncox (T)Vin : 1 SS(W _Vir? (3.8)
71unCox '
2 L
In Fig.3.4(b)
1 W
Iout = IDl - ID2 = E/uncox (ijm ) (V651 +VGSZ - zvt) (3.9)

The grounded source pair output contains no third order intermodulation products.
Thus, we note that the transconductance stage with a constant current tail exhibits
higher third order nonlinearity than the grounded source pair biased at the same
current and device dimensions. In practice, short channel effects such as nonlinear
channel length modulation and mobility degradation with the vertical field in the
channel give rise to the third order distortion, but this calculation points to the

potentially higher linearity of the grounded source pair [33].

Assuming the distortion performance to be mostly constrained by the
transconductance stage, we can derive a estimation on the 1IP3 performance

expressed as [31]

IP3~ 4\% (Ves =V )y (310)

Therefore, as the quality (Vs —V, ), . increases, the mixer is less likely to output
distorted waveforms. Besides the voltage drop from the gate to the source of the input
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device, the mismatches at the input stage also degrade the linearity performance.

As discuss above, the PMOS type folded cascode has many advantages. First, the
reduction of the stack transistors let the supply voltage fall to 0.7V. Second, we use
PMOS transistor as switching stage to decrease the flicker noise. Third and the most
important one, the current in the transconductance stage and switching stage can be
set independently to simultaneously optimize noise figure, linearity, and conversion
gain. The high bias current in the transconductance stage can provide high
conversion gain and better linearity performance. While minimize the flicker noise
by choosing low bias current , wide device size and low gate to source overdrive
voltage ( most approach zero) using-in the switching stage. The size of the
transconductance stage is the same as the first stage of the LNA that can decrease
some thermal noise to enhance the noise performance. The input network is like the
source degeneration configuration and can design by the formula in Chapter 2. Here
we assume each bond wire has a 3nH inductance. The LO port matching is realized

by using the off chip element as shown in Fig.3.5.

T 00—
(211 Icz

Fig.3.5 LO matching network

LOo

O
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3.3 Layout Consideration

The most important layout guidelines are described in the Chapter 2. There is an
additional guideline would be considered. The layout of the mixer should be as
symmetrical as we can to avoid the phase difference and ensuring CMRR. The layout
of the low voltage mixer is shown in Fig.3.6. Because the mixer is usually measured
on PCB rather than on wafer, the order of pads does not need to follow the GSG (RF
pad) or SGS (DC pad) rules. The RF and IF ports are on the bottom and top of the
chip, and the LO port is on the right and left sides. Here, the circuit ground and
substrate ground are separated to avoid the noise coupling. Then, the total chip size is

1.0mm*1.0mm.

IF Output

| L

Q%Q

induj O

RF Input

Fig.3.6 Layout of the low voltage mixer
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3.4 Measurement consideration

Because the mixer is designed for PCB on-board testing, the parasitic effects of
bond wires and bond-pads will greatly affect the impedance matching of all ports. For
all outside 50€2 instruments, only input power of generators can be delivered into
the chip or circuit output power can be received by measurement instruments more
efficiently with good input or output impedance matching. Therefore, these parasitic
effects must be included and considered throughout all simulation procedure very
carefully. Typically, the inductance of the bond wire is about 1nH per 1mm and the
parasitic capacitance of a 100um x 100um bond pad is approximate 150fF to the

ground.

Because of fully differential configuration of the mixer, two Balun are required
to transform single input to differential inputs. Here, we used a rat race shown in

Fig3.7 to act as such Balun and the real S-parameter is as follow.

0.046£85.71° 0.678£155.1°  0.675£152.7° 0.032£-25.9°
0.676£154.2°  0.055£55.93° 0.085£-20.5° 0.671£-22.7°
0.675£152.3° 0.035£-21.3° 0.017£139.9° 0.676£155.7°
0.032£-26.1° 0.671£-22.9° 0.675£154.6° 0.065£-45.1°

Although this experimental result still has little error, it is very close to that of ideal

case and satisfies for our requirement.

Layout of PCB and practical FR4 PCB circuit with SMA connectors are shown
in Fig.3.8 and Fig.3.9, respectively. The RF, IF and LO signal path are drawn as 50 €2
line width for impedance matching. Several on board decoupling capacitances are

added on the DC path to filter the noise from the power supply.

40



Chapter 3 0.7V 2.45GHz Mixer

The measurement setup is shown in Fig.3.10. The measured parameters are
conversion gain, P1dB, 11P3 and high frequency input return loss of RF and LO ports.
We use RFIC measurement system in CIC to complete our measurement. And the
wide band Balun block used in the RF port is also provided by CIC. The loss of cable,

Balun, SMA connector and board must be taken into account.

50 ohm Line

lvmixer

Blocking C"?‘pac“or & S Decoupling Capacitor
# Low Pass Filter

......

Fig.3.8 PCB layout
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IF output

------------------
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.
.

o
I“‘

ans

RF input

Fig.3.9 Practical FR4 PCB circuit

2 parallel bond wires

Fig.3.10 Photograph of low voltage mixer
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Fig.3.11 Measurement setup of (a) Conversion gain (b) 11P3 (c) Input return loss

The practical measurement picture is shown in Fig.3.11 which include of the

mixer, PCB board, Balun and cables.

Fig.3.12 Measurement picture
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To find out the loss of RF port to IF port, and confirm if the loss would affect the
circuit performance, we utilize the 50C2 line testing board for the loss testing. The
loss of board and SMA connectors are about 0.4dB. The practical picture and
measurement result are shown in Fig.3.11 and Fig.3.12. Furthermore, the loss of cable

and Balun is calculated and compensated in CIC RFIC measurement system.

Fig.3.13 Loss testing board

Board Loss
-0.1

-0.2 1

-0.3 1

0.4 1

dB

-0.5 4

-0.6 1

-0.7 1

—— Measurement
T

-0.8 T T T
0 1 2 3 4 5

Frequency (GHz)

Fig.3.14 Measurement results of the board loss
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3.5 Simulation and Measurement Results Comparison

Upon previous measurement considerations and arrangement, we have made all
PCB on-board testing for our design in CIC and our laboratory. It is found that the
current in each transconductance stage is 0.2mA, a little larger but close to the
simulation result in TT-core. On the other hand, the current in the switching stage is
twice than that in simulation. Therefore, we can determine the PMOS transistors in
the FF-core. Fortunately, the PMOS transistors act as a switched do not seriously
affect the circuit performance. Therefore, we try to increase the bias of the PMOS
transistors to decrease their current and make the PMOS transistors more close to the
saturation and threshold region. With the supply voltage of 0.7V, the power
consumption of the mixer is 2.11mw which is a little larger than the simulation results

in the TT corner.

From 0.45GHz to 4.45GHz, the RF port input return loss at 2.45GHz in 502
measurement system is -8.9dB as shown in Fig.3.15. The peak value about -14dB is
shifting down to 2.35GHz that may come from the larger bond wires inductance in the
input network. Although two parallel bond wires are used in the ground pad to
decrease the bond wire inductance, the inductance remains larger than we expected.
Here, we also add a modified simulation without changing the bias and power to find
out the problems caused by frequency shifting. The LO input return loss include
additional effect of =z -matching circuit is about -12.5dB at 2.448GHz as shown in
Fig.3.16. Even though it is 7dB less than the simulation result, -12.5dB must be

satisfied for our specification.
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RF port input return loss

dB
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-14 4 —&— Measurement
—@— Modified

0 1 2 3 4 5
Frequency (GHz)
Fig.3.15 Measurement RF port input return loss

LO port input return loss

dB
5

—A— Simulation
—&— Measurement

0.5 1.0 15 2.0 2.5 3.0 35

Frequency (GHz)

Fig.3.16 Measurement LO port input return loss

When the RF input power is -30dBm and LO power is -3dBm, the measurement
output power is only -9.48dB as shown in Fig.3.17. Deduct from the loss of the PCB
board, the power gain is -9.08dB. By the modified simulation results shows the
frequency shifting in the RF port and the bond wire variation in the LC tank will
affect the performance seriously. Although we try to use several length of the bond
wire to find the optimum performance of the mixer, we do not successful find this
optimum length. Of course, no buffer added in the output so that the mixer could not

push the 50Q2 load may be another reason.
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Atten 16 dB

Span Zoom

Full Span

Zero Span

Fig.3.17 Power Gain (RF power =-30dBm, LO power = -4dBm, IF=-39.48dBm)

Power gain vs. LO input power
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Fig.3.18 Power gain vs. LO power

The linearity is better than simulation due to the low conversion gain. The P1dB
is 0dBm and I1P3 is 10dBm as shown in Fig.3.19 and Fig.3.20, respectively. These
two measurement results are also close to the modified simulation results. Finally, the
IF output waveform is also measured by oscilloscope (1MegQ load), instead of
spectrum analyzer (50 Qload). Fig.3.21 shows that the peak-to-peak voltage of IF
output waveform is 22.19mV while the RF input power is -30dBm. By the simple
mathematics transform, the mixer exhibits 0.91dB of voltage gain. Because the gain

of 50 Qload and 1MegQ load are measured, we can do a simple calculation to find
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out the output impedance of the mixer. After calculation, the output impedance is
about 125Q . This value is smaller than our resistive load of 200Q. As a result, we
can say the smaller load resistor is another reason causes the conversion gain

degradation.

Power gain vs. RF input power

Power gain (dB)
(22}

-10 ssssssenpettng
12 H
—A— Simulation ™
-14 4 —@— Measurement
—&— Modified
-16 T T T T
-40 -30 -20 -10 0 10

RF input pwer (dBm)

Fig.3.19 Power gain vs. RF power
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Fig.3.20 Measurement result of 11P3
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Fig.3.21 IF output waveform

Although the current in the transconductance stage is larger than simulation, the
gain is not larger than modified simulation result. This is because of the Gm in the
transconductance stage is almost the same as simulation. As shown in Fig.3.22, the
Gm value is the slope of the two curves. It is obviously that the slopes of the two
curves are almost the same, so Gm of them is almost the same. As a result, the power
gain and voltage gain do not increase with the more power consumption of the mixer.
There are two main reasons leading to the decrease of power gain and voltage gain.
The first is the bond wire in the Vd pad. As described in Sec.3.1, the resonant
frequency of the LC tank is dependent with the bond wires. The simulation shows the
difference of the two bond wires makes the resonant frequency offset that makes the
voltage gain decrease. Second, the frequency shifting in the RF port also affects the
performance of the mixer. Last, the smaller load resistor is a factor causes the

conversion gain degradation.
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Vgs vs. current in the transconductance stage

current (mA)

—A— Simulation
—&— Measurement
0.0 T T T T T T

0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62
Vgs (V)

Fig.3.22 The characteristic of VVgs versus current in the transconductance stage

Table 3.2 shows the comparison of this work and recent mixer papers. As we
described in Chapter 2, the simulation and measurement data are shown. Although the
conversion gain of the mixer is not as high as other design, it is known that an active
mixer has a gain of 5dB is enough. The reason why we do not design a high gain
mixer is that we try to design a high linearity mixer to compensate the worse linearity
performance in our LNA design. Therefore we should decrease the conversion gain to
attain better linearity performance. Although the measurement power gain is only
-9.08dB, it is obviously that our mixer has the best linearity performance than others.
And in the view of the integrated receiver, the load of the mixer is the high impedance
of the VGA or IF filter instead of the 50Q load. Thus, the gain will be increased.
Even under a low IF configuration, the noise performance is still better than others.
This is because we choose the PMOS type folded cascode configuration that
depresses the flicker noise in the switching stage. It is a pity that the noise figure
could not be measured in this work. This is because the noise meter in CIC can’t
operate in the frequency lower than 10MHz. Therefore, we can verify our noise
performance. The measurement results show that the power consumption is only

2.11mw with the 0.7V supply voltage that is still lower than the greater part.
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Specification

Simulation

Measurement

IF (MHz)

RF Input RL (dB)

LO Input RL (dB)

\oltage Gain (dB)

Power Gain (dB)

P1dB (dBm)

11P3 (dBm)

NF (dB)

LO-to-RF Isolation (dB)

Power (mw)

Table 3.1 Simulation and Measurement results summary

52



Chapter 3 0.7V 2.45GHz Mixer

This work

2005.06

Supply

voltage (V)

IF (MHz)

\oltage

gain (dB)

11P3(dBm)

NF (dB)

Condition

Table 3.2 Comparison of recent mixer papers
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Chapter 4
Conclusion and Future Work

4.1 Conclusion

This thesis contains two works : low voltage LNA and mixer. All of the
simulation results are finished through Eldo-RF simulator. These two circuits are
fabricated in TSMC 0.18 #zm CMOS process through CIC. In this thesis, we have

presented the design concepts and simulation versus measurement results.
4.1.1 Low \oltage Variable-Gain LNA

The fully integrated 0.7V variable-gain LNA has been designed and presented in
this thesis. All measurements were finished through on-wafer measurement at CIC.
The power consumption is 7.27mw, being almost the same as the simulation. But, the
measurement results show that the LNA only provide a gain of 2.2dB, noise figure of
6.2dB, and 11P3 of 8dBm at the high gain mode. The gain and linearity release can be
6.5dB and 7dBm. The major reason causing the low gain is the frequency shifting of
the S11, which only achieves -4.35dB at 2.45G. This may come from the incorrect
on-chip model or the large parasitic inductance on the input matching network.
However, the low gain performance led to the better linearity performance; 11P3 is
8dBm at high gain mode and 15dBm at low gain mode. Although the measurement
results such as S-parameter and noise figure do not meet our expectation, the function

of the linearity release is work.
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4.1.2 Low Voltage Mixer

The modified 0.7V PMOS type folded cascode double-balanced mixer has been
designed and presented in this thesis. All measurement results were finished through
PCB on-board testing at CIC. With the 0.7V supply voltage, the mixer exhibits
0.91dB of voltage gain, -9.48dB of power gain, 0dBm of P1dB, 10dB of IIP3, and
2.11mW of power consumption. Although the power gain is not as expected, the high
linearity is achieved in this work. These differences may come from the practical
rat-race circuit generating deviations of non-equal power and non-1800 phase
difference, non optimum bond wires in the LC tank and the frequency shifting in the
RF port. The measurement results show that the modified low voltage mixer exhibits

a low power, high linearity than the conventional Gilbert type mixer architecture.

4.2 Future Work

Fig.4.1 shows the diagram of the purposed ultra low voltage receiver. In this
thesis, we have finished the design and measurement of the low voltage LNA and
mixer. And there are many important blocks need to be implemented; Synthesizer,
VGA, Gm-C filter, demodulator and A/D converter. Because our LNA is not design in
the full differential configuration, an on-chip balun should be added to integrate with
our differential mixer. Of course, the LNA can be redesigned in the differential
topology. But the chip size and the power consumption will increase. Another solution
is to design a low voltage micromixer. The RF input stage of micromixer is
single-ended and can provide almost the same performance as the Gilbert

double-balanced mixer. Therefore, the LNA and mixer can be integrated easily.
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antenna

Band select |

filter

IF filter HDemodulator|—| A/D |—'—| DSP |

PLL Frequency
Synthesizer

Fig.4.1 The diagram of the purposed ultra low voltage receiver

There are some other future works need to be implemented. First, the accurate
RFMOS model and inductor model should be built. Second, the on-chip bias circuit
should be designed to reduce the large numbers of DC pads. Final, the ESD protection

must be designed within the thinner gate oxide process like modern 0.18 um CMOS

process.
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Appendix Concurrent Dual-Band Receiver

Appendix
Concurrent Dual-Band Recelver

A.1 Introduction

With the increase demand of wireless communication with low cost and low
power, recent research has been focusing on single chip solution. While it is already
common to use the CMOS technology to develop base-band circuits, it is gaining
popularity to use the CMOS technology to develop RF front-end circuits. As a result,
a fully integrated dual-band receiver intended for. GPS and Bluetooth is designed in

CMOS technology in this work.

Conventional dual-band receiver architectures are achieved by building two
individual receiving paths that increase the cost and power consumption [33]. The
way to modify these disadvantages is using the concurrent architecture that is capable
of simultaneous operation at two different frequencies without dissipating twice
power and increase cost. This concurrent architecture can provide simultaneous
narrow-band input matching and high gain at two frequency band while maintaining

low noise figure.

A.2 Receiver Architecture

Most conventional receivers use individual receiving paths that need large
hardware area. If the dual-band receiver uses concurrent architecture, its hardware

cost will be high. As a result, the concurrent architecture should be taken into account.
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The concurrent dual-band receiver is shown in Fig.A.1. It consists of a dual-band
LNA, a dual-band sub-harmonic mixer, a dual-band \oltage-Controlled Oscillator
(VCO) and a tunable Gm-C filter. Due to the modulation of the GPS is BPSK, it is
either suitable for low IF architecture design [38-39]. Thus, our concurrent dual-band
receiver is chosen low IF architecture (2MHZ) to reduce cost and power consumption.

In this work, we try to integrate the dual-band LNA and sub-harmonic mixer.

Dual-band
antenna Sub-harmonic Band pass
mixer filter
To
m‘ Baseband

This work

VCO

Fig.A.1 Dual-band receiver block diagram

The architecture and frequency plan of the RF transceiver play a critical role and
complexity and performance of the overall system. The receiver frequency plan is
shown in the Fig.2. The receiver uses a local oscillator (LO) frequency of 0.784GHz
and 1.224GHz, translating the input signal from 1.57GHz and 2.45GHz to IF of
2MHz. Because the LO frequency of the sub-harmonic mixer is half of the Gilbert
type double balanced mixer, the two LO signals provided by VCO are at close range.
Therefore, the dual-band VCO can easily be designed and implemented. Then, the
image frequency occurs at 1.566GHz and 2.446GHz and will be cancelled by the

tunable Gm-C filter.
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DC IF LO Image RF
2MHz 0.784GHz 1.566GHz 1.570GHz
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Fig.A.2 Receiver frequency plan (a) 1.57GHz for GPS (b) 2.45GHz for Bluetooth

A.3 Main Block Description

A.3.1 Concurrent Dual-Band LNA

The concurrent dual-band LNA is shown in Fig.A.3. The low noise and high
linearity performance can be achieved by the optimization of M1 and M2, with almost
no trade-offs. The optimum width of Mland M2 can be found using Eq.(2.9), where
the center frequency is chosen the average of the two desired frequency. After
calculation, the optimum width is approach 500um. The input and output matching
network are adding a LC tank and LC branch, respectively. The LC tank in the input
is used in order to resonate the gate impedance and to provide the additional lower
band gain transfer function [40-41]. The LC branch introduces a zero in the transfer

function of the LNA and performs a notch between 1.57GHz and 2.45GHz to improve
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receiver’s image rejection. To improve the sensitivity of the gate-induced current
noise, we add a capacitor Cgs placed in parallel to the intrinsic gate to source
capacitor of the input transistor. The insertion of this capacitor adds a degree of
freedom to play with to achieve a better compromise between thermal and
gate-inducted noise. Therefore, a new optimum condition with a lower noise figure

can be achieved. But, this is paid by a slight lower forward gain.

Vdl Vdl
i LCw
= Cpp Cpn = I_;on
Li :
P N VoutpVoutn
o ol

Coutp Coutn
— M3 Md
Leckimp., Lobinme,

M2 Vinn

Fig.A.3 Concurrent dual-band LNA

With a 1.8V supply, the LNA achieves power gain of 12.6dB, voltage gain of
20.9dB, Sy; of -12.7dB, noise figure of 2.98dBm and I1P3 of -1.40dBm at 1.57GHz.
And at 2.45GHz, LNA provides power gain of 11.9dB, voltage gain of 20.0dB, Sy; of
-18.7dB, noise figure of 3.35dBm and IIP3 of 1.14dBm at 2.45GHz.The power

consumption of the LNA is 18.96mW.
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A.3.2 Sub-Harmonic Mixer
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Fig.A.4 Sub-harmonic mixer

7 "IFn

Fig.5 shows the schematic of the sub-harmonic mixer. The core of sub-harmonic

mixer is the differential pair M1, M2 at RF ports and eight transistors M3 to M10 at

LO port, where the LO is applied at roughly half the RF frequency. When operating

with LO signals with large amplitude, the LO core acts as a mixer by commutating

the load across the drains of the input transconductance stage at twice the LO input

frequency. However, the sub-harmonic mixer topology relies on the phase

relationship of the LO signals to provide a region where the 0/180° and 90/270°

devices are both off to create the effective twice LO switching frequency. The
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quadrature ~Fgre/2 signal applied to the LO inputs allows the RF signal to be
switched on every quarter cycle of the LO drive waveform, creating an effective
2F_ o signal [42]. There is no inductor used in the mixer for the small chip size
purpose. And, the dual-band LO port matching is realized by using the off-chip

element as shown in Fig.A.5.

O — 000

Fig.A.5 Dual-band LO matching network

With a 1.8V supply, the sub-harmonic mixer achieves conversion gain of 2.39dB,
noise figure of 8.12dBm, and I1P3 of -5.8dBm at 1.57GHz. On other hand, the mixer
provides conversion gain of 1.44dB, noise figure of 9.89dbm, and 11P3 of -5.8dBm.

The power consumption is 3.24mW and IF is chosen at 2MHz.

A.4 Layout and Simulation Results

The layout of the dual-band receiver is shown in Fig.A.6. Because the receiver is
measured on PCB rather than on wafer, the bond wire and pad parasitic capacitance
should be considered. The RF input ports of the receiver are on the left side. The bias
of the LNA and the LO input ports are on the top and bottom of the chip. The bias of
the mixer and the IF output ports are on the right side. Here, the two circuits are
surrounding by a guard ring to avoid the noise coupling. Then, the total chip size is

1.4mm*1.3mm.
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LNA Bias LO Input
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Fig.A.6 Layout of the dual-band receiver

The simulation results are shown in Fig.A.7. The voltage gain of the receiver is
27.7dB at 1.57GHz and 24.2dB at 2.45GHz. The noise figure is 4.13dB and 6.84dB,
the pldB is -29.9dBm and -24.4dBm, IIP3 is -19dBm and -16dBm, and the total
power dissipation is 22.2mw. And the summary of the simulation results are in the

Table A.1.
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Fig.A.7 Simulation results
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Specification @ 1.57 GHz @ 2.45 GHz

RF Input RL (dB) -17.4 -24.2

LO Input RL (dB) -0.87 -13.8

NF (dB) 4.13 6.84

\oltage Gain (dB) 271.7 24.2

P1dB (dBm) -29.9 -24.4

11P3 (dBm) -19 -16

‘ Power (mw) 22.2mw \

Table A.1 Concurrent dual-band receiver simulation results summary

The specification of the GPS is conversion gain>85dB, NF<5dB, I1P3>-20dBm.
And the specification of Bluetooth is conversion gain>50dB, NF<8dB,
[11P3>-16.5dBm. By the simulation results, the NF is in the specification of the two
applications. The conversion gain would be amplified by the IF amplifier or the
variable gain amplifier (VGA). In general, the gain of the IF amplifier or VGA can be
higher than 60dB. Therefore, performance of the conversion gain would be in
specification too. But the linearity of the GPS is 1dBm lower than the specification
and closely to the boundary of the specification. The main reason is the linearity of
the mixer is not good enough that decrease the overall linearity. This could be
modified by decreasing the gain of the LNA or mixer to increase the linearity. But
consider the bad noise performance; we do not do this correction. Another solution is

modified the topology of the mixer- adding an inductor between the drains of the
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transconductance stage (M1, M2) to enhance the linearity. Because this modify will
increase the chip area, we do not choose this change. We do the modification on the

other way; do more strictly on the linearity of the VGA that would modify the

linearity of receiver
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